The anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) are important stabilizers of the knee. These ligaments are commonly injured in sports and motor vehicle accidents. An accurate diagnosis of cruciate ligament injuries is vital in patient care. Magnetic resonance imaging (MRI) can diagnose cruciate ligament injuries with high accuracy. The imaging diagnosis should be based on primary signs, although the secondary signs are sometimes useful, particularly in chronic cases. The detection of associated injuries of other structures of the knee, including menisci, collateral ligaments, cartilage, and bone, are also important. Accurate interpretation of the MRI examination requires a meticulous MRI technique, knowledge of the imaging anatomy, and understanding of the lesion appearance. This pictorial essay reviews the MRI appearance of normal and injured cruciate ligaments. Mechanisms of injury, primary and secondary MRI signs, and associated abnormalities are discussed.
Introduction
The anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) are intracapsular, extrasynovial ligaments of the knee. They are important stabilizers of the knee. They are named by the location of their tibial attachments. The ACL is straight and runs parallel to the roof of the intercondylar notch (Blumensaat's line). It is attached proximally at the posteromedial aspect of the lateral femoral condyle and inserts distally to the anterior intercondylar region. It is composed of the anteromedial and the posterolateral bundles, named according to their relative sites of tibial insertion. The ACL provides primary restraint to anterior translation of the tibia and offers secondary stabilization in response to internal tibial rotation and to varus and valgus angulation. The PCL has a curved configuration, originates from the medial side of the intercondylar notch of the femur and inserts onto the mid posterior tibial plateau. The PCL provides the primary restrain to posterior translation of the tibia on the femur, with a secondary role in limiting rotatory motion.
Clinical Features and Mechanism of Injury
The ACL is the most common ligament of the knee to be injured. Numerous mechanisms of ACL injuries have been described. The pivot shift is a common mechanism of injury, which consists of a valgus stress and internal rotation of the tibia or external rotation of the femur applied to a flexed knee. This twisting injury frequently occurs with rapid simultaneous deceleration and directional movements, such as in skiing and soccer. Other mechanisms include hyperextension of the knee and valgus injury that results from a direct lateral blow to the partially flexed knee.
The ACL is torn most commonly in the middle portion of the ligament, although this also can occur at the proximal and, less frequently, distal attachments. The femoral attachment is weaker than the tibial attachment. Experienced clinicians can accurately diagnose many cases of disruption of ACL based on a physical examination. However, in the acutely swollen knee, clinical tests, such as the Lachman and pivot-shift tests, are difficult to perform because of pain. Magnetic resonance imaging (MRI) plays an important role in confirming the clinical suspicion by defining the extent of ligamentous injury and detecting associated abnormalities.
The PCL is twice as strong as the ACL and is much less frequently torn. The majority of PCL tears are associated with other injuries. The most common mechanism of injury is a direct blow on the anterior tibia with the knee flexed, typically in a dashboard injury during a motor vehicle accident. Hyperflexion and hyperextension are other known mechanisms of PCL injury [1] . PCL injuries occur most frequently at the middle portion of the PCL. Uncommonly, it avulses from its tibial attachment. The most characteristic clinical feature is the ''posterior sag sign.'' However, a clinical diagnosis of PCL tear can be difficult, and MRI plays a crucial role in diagnosis.
MRI Principles
MRI has been widely used to image internal derangements of the knee. To obtain images of good quality, a dedicated extremity coil should be used. A field of view of appropriate size should be used to maximize the resolution, typically 16 cm. Slice thickness can be 3e4 mm, with a small interslice gap, not exceeding 0.4 mm, to reduce partial volume artifacts. A matrix of 256 Â 192 or more is standard. The knee should ideally be imaged in 3 orthogonal planes: sagittal, coronal, and axial. The patient lies supine in the scanner, with the knee relaxed and in slight external rotation (5e10 degrees). This enables the ACL to be orthogonal to the sagittal plane of imaging.
T1-weighted images should be acquired in at least 1 plane, with corresponding T2-weighted images for characterization of the lesion, detection of marrow abnormalities, and evaluation of any soft-tissue mass. In many centers, fast (or turbo) spin-echo T2-weighted sequences are used to reduce acquisition time. The addition of fat suppression is recommended, because fat appears hyperintense on fast (or turbo) spin-echo T2-weighted sequences. Proton density (PD) weighted images are used for evaluation of the menisci. Special sequences for imaging of the hyaline cartilage are often included for achieving a comprehensive study. Intravenous gadolinium-diethylenetriaminepenta-acetic acid (DTPA) contrast agent is only given in cases with a mass that needs further characterization. MR arthrogram has been used to differentiate between a repaired meniscus and a torn meniscus in the postoperative knee [2] .
MRI Anatomy of the Cruciate Ligaments
On sagittal T2-weighted images, the normal ACL appears as a straight band parallel to the intercondylar roof ( Figure 1A ). It fans out as it descends to its broad-based anterior tibial attachment. These collagen fibers of the ACL are organized into 2 principal bundles. These are the anteromedial and posterolateral bundles ( Figure 1C and D) and are named according to their location relative to each other at the tibial insertion. The strong anteromedial bundle becomes taut in flexion, whereas the posterolateral bundle tightens with knee extension. The ACL has a predominantly low signal on T1-or T2-weighted images. Some high signal striations are often seen within the distal ligament because of interposition of fat or synovium. Overall, the ACL is higher in signal intensity than the PCL.
The PCL counteracts the ACL and serves to prevent posterior translation of the tibia. Like the ACL, the PCL is also made up of spirally arranged collagen fiber bundles, the anterolateral and posteromedial bundle. The anterolateral bundle tightens during knee flexion, whereas the posteromedial bundle is taut in extension. On sagittal T2-weighted images, the normal PCL appears as a well-defined uniform band of very low signal intensity ( Figure 1B) . When the PCL is lax in extension, it has a gentle posterior convex curvature. A small round or oval structure of low signal intensity is often seen anterior or posterior to the PCL. It represents the meniscofemoral ligament, which extends obliquely from the posterior horn of the lateral meniscus to the medial femoral condyle. The ligament that passes anterior to the PCL is called the ligament of Humphry. The ligament that passes behind the PCL is called the ligament of Wrisberg. Coronal and axial images are complementary in the evaluation of the femoral and tibial attachments of both cruciate ligaments ( Figure 1C and D) .
MRI of ACL Injuries
Conventionally, the cruciate ligaments are assessed on oblique sagittal MRIs, with T2-weighted sequences. T2weighted sequences are associated with greater sensitivity, specificity, and accuracy for an ACL tear than are T1-weighted sequences [3] . T2-weighted sequences are able to show areas of edema and effusion that affect the ligament. Coronal and axial images are important for correlation, especially when the ACL is not well defined on sagittal images. Although some studies showed that additional use of limited thin-cut oblique coronal and sagittal imaging could improve diagnostic accuracy of ACL injury [4, 5] , their routine use might not be justified in daily practice. The accuracy of MRI for the ACL is extremely high in most reported series. MRI has high sensitivity and a specificity of greater than 95% in diagnosing acute complete ACL tears [3, 6] .
Primary Signs
In an acute complete ACL tear, the primary signs are most valuable and include nonvisualization of the ACL; discontinuity of the ligament, with abnormal increased T1 and T2 signal because of oedema and hemorrhage; abnormal morphology, such as a thickening, wavy, or retracted appearance; and angulation towards the horizontal plane ( Figure 2) . In an acute partial tear, the ACL fascicles appear intact but the ligament is thickened with a T2-hyperintense signal (Figure 3) .
MRI is less accurate in the detection of chronic ACL disruption. It is more difficult to detect a chronic ACL disruption, because the oedema and thickening of ACL fibers may have already subsided. Moreover, most of the indirect signs that are present at the time of injury are absent by the time of examination. The imaging findings are variable. In a chronic complete tear, the ACL can be absent and is replaced by a fluid signal in the lateral intercondylar notch, the empty notch sign (Figure 4) [7] . More commonly, the ligament appears thin, with some residual fibers present, and may demonstrate an abnormal posterior slope ( Figure 5) . Occasionally, the proximal fibers of the torn ACL scar to the PCL and maintain a relatively normal shape or demonstrate only subtle posterior bowing ( Figure 6 ). In these instances, the empty notch sign may be helpful in detecting a chronic proximal disruption. A chronic tear can occasionally mimic an intact ligament if the bridging fibrous scar appears as a continuous band with low signal intensity that bridged the expected origin and insertion of the ACL [8] . Chronic partial tears are difficult to diagnose by MRI.
Secondary Signs
The secondary signs of ACL tears are related to the mechanism of injury, associated injuries, or resultant instability. Although these secondary signs have value for deciding ACL status independent of primary signs and may increase diagnostic confidence, many of them are nonspecific. These signs have to be interpreted cautiously. The primary findings of an ACL tear should be relied upon in making the diagnosis [9, 10] .
An anterior tibial translation greater than 5 mm is a helpful sign in the diagnosis of a complete ACL tear [11] ( Figure 2B ). It helps to discriminate complete from partial tears of the ACL when the primary sign is inconclusive. Anterior tibial translation, variably leads to uncovering of the posterior horn of the lateral meniscus. Other less-specific secondary signs include acute hemarthrosis and buckling of posterior cruciate ligament [10] . These secondary signs are sometimes useful for the diagnosis of a chronic ACL disruption. They include anterior tibial translation and a deepened lateral femoral sulcus, with no underlying marrow oedema.
Associated Injuries
ACL tears are commonly associated with injuries of other structures of the knee, including the menisci, collateral ligaments, and bone. Meniscal tears are common and important injuries of the knee. They are not infrequently seen in patients with an ACL tear. However, meniscal tears, especially those in the posterior third or peripheral portion of the lateral meniscus, are more likely to be missed when an ACL tear is present [12] .
Characteristic bone contusions occur in the middle to anterior portion of the lateral femoral condyle and in the posterolateral tibial plateau ( Figure 2B ) [13] . However, adolescents may have this pattern of contusions as adults but may maintain an intact ACL, which could be caused by inherent ligamentous laxity in the younger age group [14] . If the compressive forces are great enough to cause an osteochondral impaction fracture of the lateral femoral condyle, then deepening of the lateral femoral sulcus (deep notch sign) will result ( Figure 2B ). It is regarded as a specific sign that indicates disruption of the ACL. Avulsion fracture of the tibial attachment of the ACL occurs in some patients, more commonly in younger patients. 
MRI of PCL Injuries
The PCL is best evaluated on sagittal T2-weighted images. A normal intact PCL is a well-defined continuous band of low signal intensity in all pulse sequences [15] . In a complete tear of the PCL, the fibers are discontinuous, with the fluid signal completely traversing the fibers (Figure 7) . In a partial tear, the PCL is thickened, with an increased signal. Some of PCL fibers still appear intact and some appear discontinuous (Figure 8 ). An avulsion fracture at the tibial attachment is not commonly seen (Figure 9 ). In chronic PCL disruption, the PCL fibers can be attenuated or absent ( Figure 10 ). As for an ACL tear, bone contusions, collateral ligament injury, and meniscal tear are commonly associated with a PCL tear. They usually reflect the mechanisms of injury.
Summary
MRI is useful in the diagnosis of internal derangements of the knee. Injuries of the ACL and PCL can be reliably diagnosed. The diagnosis should be based on the primary signs, although the secondary signs are sometimes useful, particularly in chronic cases. Detection of associated injuries of menisci, collateral ligaments, and osteochondral structures are also important. Accurate interpretation of the MRI examination requires a meticulous MRI technique, knowledge of the imaging anatomy, and understanding of the lesion appearance.
